ABSTRACT We have used a cell-free polymerase I transcription system derived from HeLa cells to study the regulation of human rRNA synthesis. Analysis of deletion mutants spanning the start site of transcription at nucleotide + 1 indicates that the control region affecting initiation of human rRNA synthesis is contained within sequences from nucleotides -158 to + 18. This promoter region can be subdivided into (i) a central segment of approximately 40 base pairs that is required for transcription and (ii) flanking sequences that influence the efficiency of transcription in vitrom We have examined the in vitro transcriptional activity of the human extract under various conditions that are thought to modulate rRNA. synthesis in vivo. Cell-free extracts prepared from HeLa cells infected with adenovirus 2 synthesize human rRNA at levels greatly decreased relative to uninfected cell extracts. By contrast, in vitro transcription of human rRNA is stimulated 2-to 3-fold by the addition of purified simian virus 40 large tumor antigen to the transcription reaction. Moreover, a mutant tumor antigen -known to be defective for rRNA activation in vivo is incapable of stimulating rRNA synthesis in vitro. The ability to detect these different regulatory phenomena in vitro provides us with an experimental basis for investigating the molecular mechanisms that control rRNA synthesis.
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In order to respond to changes in the environment, cells must be able to regulate the expression of genes that affect their metabolic and physiological state. Therefore, it is not surprising that the levels of abundant and metabolically important gene products such as the rRNAs are modulated according to the growth state of the cell. Although the regulation of rRNA synthesis in mammalian cells has been well documented, the molecular basis of transcriptional control remains poorly understood. A detailed biochemical analysis of the mechanisms governing rRNA transcription in eukaryotes has awaited the development of in vitro transcription systems that allow efficient de novo initiation of rRNA synthesis by RNA polymerase I (pol I). Recently, a number of such in vitro systems have been described (1) (2) (3) (4) (5) We were also interested in the modulation of rRNA synthesis in. response to changes in the physiological state of the cell. rRNA transcriptional control is most clearly demonstrated in the stringent response to amino acid starvation in bacterial cells (6) . There is also ample documentation for regulation of rRNA synthesis in the nucleolus of animal cells under various physiological states (7, 8) . For example, the growth state of tissue culture cells correlates well with the levels of rRNA transcription (9, 10) . Cells that are quiescent due to nutrient starvation or serum deprivation exhibit a greatly reduced level of rRNA transcription by pol I relative to actively growing cells (9) . It has also been observed that virus infection can have a dramatic effect on the levels of rRNA transcription. Early after infection of host cells by simian virus 40 (SV40) or polyoma virus, there is activation of rRNA transcription (11) (12) (13) . By contrast, there appears to be a shutdown of rRNA transcription late after infection of human cells by adenovirus 2 (14, 15) .
In this report, we focus on how viral infection and specific viral gene products can modulate the transcriptional activity of pol I in extracts prepared from HeLa cells. Our findings provide a basis for studying specific regulatory events that modulate the expression of rRNA under various physiologic and metabolic states.
MATERIALS AND METHODS
Cells and Viruses. Suspension cultures of HeLa cells and CV-1 monkey cells were grown as described (5, 16) . SV40 strain 776 and the SV40 mutant dl 1151 (17) were propagated on monkey cells as described (16, 18 370C. Cells infected with adenovirus 2 were harvested at 19 hr after infection (22) . Whole-cell transcription extracts were prepared as described by Sugden and Keller (23) . Transcription reactions were performed as described (5) . In transcription experiments in which tumor antigen (T antigen) was used, Purified T antigen was diluted to a concentration of 10 j&g/ml in 20 mM Hepes, pH 7.9/0.1 mM EDTA/2 mM dithiothreitol/ 17% (vol/vol) glycerol containing bovine serum albumin at 10 ,pg/ml and was added to the reaction mixture; transcription was initiated by adding the nucleotide triphosphates, including the labeled GTP.
RNA polymerase assays were performed as described by Schwartz et al (24) .
Purification of T Antigen and Related Proteins. Monkey cells (CV1) infected with SV40 or HeLa cells infected with adenovirus-SV40 hybrid viruses were used as sources of SV40 T antigen. The D2 protein produced in Ad2+D2-infected HeLa cells was purified as described by Tjian (25 (Fig. 1A) . In the second assay, the in vitro reaction was supplemented with an equal molar amount of both mutant DNA and wild-type DNA, each truncated with a different restriction enzyme to generate runoff RNA products of distinguishable sizes (Fig. 1B) recting transcription in either assay (Fig. 1A, lane 11; Fig. 1B,  lane 11) . Based on the size of the runoff transcripts, RNA synthesis directed by mutant DNA templates all appear to initiate at the same site as transcripts synthesized from wild-type rDNA, although mapping the 5' termini of the RNA at nucleotide resolution is still not complete.
These findings indicate that sequences necessary to promote transcription of the human rRNA are contained within nucleotides -158 to + 18 (Fig. 2) . Recent reports suggest that a similar region of rDNA in Xenopus laevis, mouse, and Drosophila melanogaster contains the control sequences for transcription by pol I (26) (27) (28) . Our deletion analysis reveals that the putative human pol I promoter sequence can be divided into three domains. A central region within nucleotides -26 to +7 appears to contain sequences that are essential for transcriptional initiation. Flanking this core domain is a stretch of sequences between nucleotides -158 and -26 that appears to play some role in modulating the efficiency of transcription in vitro but is not absolutely required. The third domain in the control region includes a short stretch of DNA located at the start of the transcribed sequences (nucleotides +7 to + 18).
Unlike the region upstream from the start site, the transcribed spacer DNA contains a 16-base-pair (bp) sequence extending from + 1 to + 18 that is highly conserved among the rDNA sequences of man, rhesus monkey, mouse, and rat (refs. 4 (33, 34) , and poliovirus (35) . Most of these viral infections cause a significant inhibition of rRNA synthesis in the host cell. In HeLa cells infected with adenovirus 2, the synthesis of mature 18S and 28S rRNA has been shown to be dramatically reduced late in the infectious cycle (14, 36) . Some earlier studies also suggested that the synthesis of 45S nuclear ribosomal precursor RNA is inhibited by adenovirus 2 infection (15) . The mechanism of this virus-induced shutoff of host rRNA synthesis is not known.
Our in vitro pol I transcription system derived from HeLa cells has allowed us to begin investigating the molecular basis of this phenomenon. We compared the efficiency of pol I transcription in cell-free extracts prepared from either uninfected or adenovirus 2-infected HeLa cells. Promoter-dependent transcription from a cloned human ribosomal template was measured by using the in vitro runoff assay. The cell-free extract prepared from adenovirus 2-infected HeLa cells was approximately 1/20th as active in directing transcription initiating from the human rRNA promoter as the extract prepared from uninfected HeLa cells (Fig. 3A) . This differential transcriptional activity between infected and uninfected cell extracts is not due merely to a difference in RNA polymerase concentrations because both extracts contained approximately the same amounts of pol I activity when assayed with a nonspecific template such as sonicated calf thymus DNA in the presence of aamanitin (Fig. 4) . Moreover Polymerase II runoff transcription directed by template DNA containing the adenovirus 2 major late promoter (pALE) was carried out in the presence of 600 ug (lanes 1 and 3) and 300 Ag (2 and 4) of extract prepared from uninfected (1 and 2) or infected HeLa cells (3 and 4) . Transcription reaction mixtures containing either pol I template (lanes 5, 7, and 9) or pol II template (6, 8, and 10) were used to direct RNA synthesis by uninfected HeLa cell extracts (5 and 6), adenovirus 2-infected HeLa cell extract (7 and 8), or a mixture of equal amounts of uninfected and infected transcription extract (9 and 10). The polymerase I template DNA was prHu3 cleaved withBamHI; the polymerase II template DNA was pALE cleaved with EcoRI. Arrows denote the predicted size of the runoff RNA.
to be specific for rRNA synthesis because the polymerase II activity, measured in both the specific and nonspecific assays, was similar in the infected and uninfected cell extracts (Fig. 3B,  lanes 1-10; Fig. 3C, lanes 1-4; Fig. 4 ). Although the amount of RNA synthesized from SV40 templates was slightly reduced in the extract from infected cells (Fig. 3B, lanes 1-10) , the amount of RNA transcribed from the adenovirus template (containing the major late promoter) actually was greater in the infected extract than in the uninfected extract (Fig. 3C, lanes 1-4) . A similar observation was made previously (37 be the result of specific repressors induced or encoded by adenovirus. However, in an experiment in which equal amounts of extract prepared from infected and uninfected cells were mixed, we observed that rRNA transcription occurred at a level comparable to that of the uninfected extract alone (Fig. 3C,  lane 9) . This result suggests an alternative possibility in which a host rRNA transcription factor has become depleted or specifically inactivated by adenovirus infection, possibly as the result of viral shutoff of host cell protein synthesis (38) . These preliminary studies do not allow us to distinguish between a positive or negative transcriptional regulatory mechanism, but our findings do provide a rational approach for isolating specific cellular or viral transcription factors that modulate polymerase activity on rDNA templates.
Effect of SV40 T Antigen on rRNA Transcription. Although viral infection in many cases leads to an inhibition of rRNA synthesis, there are some viruses, such as polyoma and SV40, that actually stimulate host rRNA synthesis upon infection. The activation of rRNA transcription by SV40 has been extensively investigated, and some recent findings provide compelling evidence that this response is due to the product of the viral A gene, large T antigen (12, 39, 40) . For example, it was shown that specific mutations mapping within coordinates 0.28-0.39 in the A gene structural sequences (41) render the virus incapable of activating rRNA transcription (42) . As a first step in developing a system for studying this phenomenon, we wanted to devise an assay for measuring the effects of T antigen on rRNA synthesis in vitro.
Addition of homogeneous T antigen or D2 protein to the in vitro transcription system stimulated rRNA synthesis 2-to 3-fold (Fig. 5, lanes 1-8) . Under similar conditions, an equivalent amount of SV40 T antigen has no effect on the transcription from the adenovirus 2 major late promoter by RNA polymerase II (43, 44) . At 0.5-1.5 ug of T antigen was added per ml. Transcription of rRNA was not affected when heat-denatured T antigen was added (Fig. 5, lanes 13-16) . More importantly, no activation of rRNA transcription was observed when the in vitro assay was supplemented with a mutant T antigen that was shown to be defective for activating silent rRNA genes in vivo (Fig. 5, lanes  9-12) .
These findings indicate that purified T antigen alone is sufficient to stimulate the rates of rRNA synthesis in a whole-cell extract prepared from uninfected cells. Although the degree of transcriptional activation in vitro is not very high (only 2-to 3-fold), it should be noted that in vivo the increased rate of rRNA transcription induced by SV40 or polyoma infection also is only about 2-fold (11, 13) . Our results suggest that T antigen may act in a direct manner to modulate rRNA transcription. The wellcharacterized DNA binding properties of T antigen (25) 
